Background: Cancer in patients with chronic kidney disease (CKD) is an added burden to their overall morbidity and mortality. Cancer can be a cause or an effect of CKD. In CKD patients, a better understanding of cancer distribution and associations can aid in the proper planning of renal replacement therapy (RRT) and in the choice of chemotherapeutic agents, many of which are precluded in more advanced CKD. This study aims to investigate the distribution and the association of cancer with mortality, renal progression and RRT assignment in a non-dialysis dependent CKD cohort, few studies have investigated this in the past. Methods: The study was carried out on 2952 patients registered in the Salford Kidney Study (SKS) between October 2002 and December 2016. A comparative analysis was performed between 339 patients with a history of cancer (previous and current) and 2613 patients without cancer at recruitment. A propensity score matched cohort of 337 patients was derived from each group and used for analysis. Cox-regression models and Kaplan-Meier estimates were used to compare the association of cancer with mortality and end-stage renal disease (ESRD) outcomes. Linear regression analysis was applied to generate the annual rate of decline in estimated glomerular filtration rate (delta eGFR). Results: Of our cohort, 13.3% had a history of cancer at recruitment and the annual rate of de novo cancers in the non-cancer patients was 1.6%. Urogenital cancers including kidney and bladder, and prostate and testicle in males, ovary and uterus in females, were the most prevalent cancers (46%), as expected from the anatomical or physiological roles of these organs and relationship to nephrology. Over a median follow-up of 48 months, 1084 (36.7%) of patients died. All-cause mortality was higher in the previous and current cancer group (49.6% vs 35%, p < 0.001), primarily because of cancer-specific mortality. Multivariate Cox regression analysis showed a strong association of cancer with all-cause mortality (HR:1.41; 95%CI: 1.12-1.78; p = 0.004). There was no difference between the groups regarding reaching end-stage renal disease (26% in both groups) or the rate of decline in eGFR (− 0.97 for cancer vs − 0.93 mL/min/year for non-cancer, p = 0.93). RRT uptake was similar between the groups (17.2% vs 19.3%, p = 0.49).
Introduction
Cancer is one of the leading causes of mortality and morbidity worldwide [1, 2] . In Europe, it is estimated that there will be 3.91 million new cases and 1.93 million deaths from cancer in 2018 [3] . Cancer prevalence is increasing in chronic kidney disease (CKD) patients due to improvements in life expectancy and better quality of care [4, 5] . Cancer and CKD are interrelated in many ways. Cancer patients develop CKD on account of the site of cancer, metastases, necessary chemotherapeutic treatments and management of related complications. Despite advances, chemotherapy-induced nephrotoxicity can be a significant barrier in the optimum management of cancer patients, more so in patients with CKD [6] .
On the other hand, CKD is a risk factor for developing certain types of cancers such as liver and urogenital tract cancers [7] [8] [9] [10] . Also, the presence of CKD in cancer patients is associated with a worse prognosis [11] [12] [13] . However, cardiovascular disease is still the leading cause of mortality in CKD patients [14] .
In recent years, researchers have shown an increased interest in exploring the associations of cancer in CKD patients, leading to the emergence of the field of onconephrology [15] [16] [17] . Several inflammatory and oxidative stress mechanisms have been implicated in linking cancer with CKD [18, 19] . End-stage renal disease patients on dialysis or after transplantation are high-risk groups identified for cancer development due to uremia and immunodeficiency [20] [21] [22] [23] . But, research on cancer and its impact on mortality and renal outcome is scarce in a Caucasian population with advanced CKD (CKD-3-5, not on dialysis) and the question of whether the presence of cancer accelerates the rate of progression of CKD is unexplored, which this study aims to address.
Materials and methods

Sampling
We conducted this study in the Salford Kidney Study (SKS) patients enrolled between October 2002 until December 2016. SKS, previously known as Chronic Renal Insufficiency Standard Implementation Study (CRISIS), is a large prospective cohort study recruiting non-dialysis CKD patients since 2002. Patient recruitment in the SKS has been described in previous published studies [24, 25] . In brief, any non-dialysis CKD patient above the age of 18 years and an eGFR less than 60 mL/min/1.73m 2 referred to our tertiary renal service (1.55 million catchment population) is eligible to participate in this study. Upon recruitment, a questionnaire which includes patient demographic details, comorbidities including the history of malignancy and concurrent medications is completed. The patients are then followed up annually and comorbidities, cardiovascular events and hospital admissions are recorded. All patients provide informed consent, have blood results recorded upon registration and at annual follow up visits. The study has ethical approval for all observational data including mortality outcomes.
From a list of 3115 patients registered in the SKS over this 14-year period, 2952 patients with complete follow-up datasets were eligible. Of these, 392 reported having a history of cancer at study entry. All patients with a history of cancer (current and past) were included irrespective of the cancer site, stage and treatment status to allow calculation of the prevalence and incidence. In patients with multiple cancers, the first developed cancer was taken as the index cancer. Patients with non-melanoma skin (NMS) cancer were included in the no cancer group for further analysis. A matched cohort was generated using propensity score matching and was used for analysis. A flowchart of patient recruitment to the study is shown in Fig. 1 .
Data gathering
The date of SKS entry was used as the study baseline, and all patients were followed until they reached a study endpoint which was one of the following 1) commencement of renal replacement therapy (RRT) 2) death 3) end of analysis period -31st December 2017 4) lost to follow up.
Data on patient baseline characteristics, baseline blood results, and date of death were gathered from the SKS database and electronic patient records (EPR). Initial blood results were those obtained at study entry or within 3 months. Smoking history was defined as a history of current or previous smoking, irrespective of the number of cigarettes smoked. Similarly, an alcohol history was defined as a history of current or past alcohol intake irrespective of the number of units. Non-fatal cardiovascular events (NFCVE) included a composite of an acute coronary syndrome, myocardial infarctions, nonfatal cardiac arrest, new diagnosis or hospital admission with congestive cardiac failure, cerebrovascular event and peripheral vascular disease. We defined end-stage renal disease (ESRD) as patients reaching RRT or eGFR ≤10 mL/min/1.73m 2 in patients who opted for supportive care [26] . The cause of death was obtained from death certificates provided by the Office of National Statistics until the end of 2013 and thereafter from the Salford Royal electronic patient record only for those patients who died at our centre before December 2017. The eGFR values were calculated by the CKD epidemiology collaboration (CKD-EPI) formula [27] .
Statistical analysis
Propensity score matching was used to match patients with and without cancer to overcome the effects of selection bias and confounding factors [28] . The matching was undertaken by including all 20 baseline variables: age, gender, ethnicity, smoking status, alcohol consumption, systolic blood pressure (BP), diastolic BP, history of hypertension, diabetes mellitus, ischemic heart disease, myocardial infarction, congestive cardiac failure, cerebrovascular accident, peripheral vascular disease, chronic obstructive pulmonary disease, liver disease, use of statins, erythropoietin, renin-angiotensin blocking agents (ACE inhibitor or angiotensin receptor antagonist) and estimated glomerular filtration rate (eGFR). Matching was undertaken in a 1:1 ratio using the nearest neighbour method with the same propensity score. Comparative analyses of baseline characteristics, baseline blood results, mortality and renal replacement therapy were undertaken on both the total and propensity-matched samples.
Continuous non-parametric variables are presented as median (interquartile range), and the Mann-Whitney U test was used to compare statistical significance. Categorical data are expressed in percentages, and the Chi-square test was used for comparison.
The association of cancer with mortality and renal outcome (RRT) was calculated using univariate and multivariate Cox proportional hazards models to determine hazard ratios, 95% confidence intervals and statistical significance. To overcome the influence of competing risks, hazard ratios were derived by censoring at the competing event [29] . The multivariate models were developed by including the covariates based on the clinical plausibility of the causal Fig. 1 Flowchart of patient recruitment to the study association with outcome. A Kaplan-Meier (KM) curve was used to demonstrate cumulative survival. KM charts were also generated for all-cause mortality and RRT free survival by splitting the cancer group into three subgroups based on their cancer status at baseline; group A: concurrent cancer (diagnosed or treated in the previous 1 year), group B: history of cancer < 5 years (diagnosed or treated between > 1 year and < 5 years) and group C: cancer > 5 years (diagnosed or treated > 5 years ago). The association of cancer with CKD progression was computed using the rate of change of eGFR (eGFR slope) from study entry to study endpoint as assessed by the linear regression slope generated using serial serum creatinine measurements from outpatient clinic visits. Only patients with a minimum of three eGFR measurements were included in this model. The Mann-Whitney U test was used to compare the statistical significance between the groups. A p-value < 0.05 was considered statistically significant throughout the analysis. All statistical analysis was performed using IBM SPSS (Version 22), licenced to the University of Manchester. A competing risk analysis (CRA) for RRT, death and incident cancer between the groups was also performed using 'cmprsk' and 'survival' packages in R software, version 3.5.1 [30, 31] . A p-value for the CRA was calculated by the modified X 2 statistic outlined in Gray, 1988 [32] .
Results
A history of previous or current cancer was evident in 13.3% (392/2952) of our cohort, and the annual rate of de novo cancers in the non-cancer patients was 1.6%. The frequency distribution of various types of cancer is illustrated in Fig. 2 . Urological cancers including prostate, kidney, bladder and ureter were the predominant sites of cancer in our cohort, contributing a third of the total number of cancers (32.6%). Of the 56 patients with skin cancers, 53 had non-melanomatous skin (NMS) cancer and three patients had low risk melanoma. All patients with skin cancer were treated curatively by local excision and had no recurrence during follow up. As NMS cancer patients were included in the no cancer group, the further analysis included 339 patients in the cancer group and 2613 patients in the no cancer group. The propensity score matched sample had 337 patients in each group.
The median age of our total cohort was 67 years with a predominance of males (62%) and Caucasians 96.1% (Table 1) . Patients with a cancer history were older than those without cancer (71 versus 67 years, p < 0.001) and had a higher systolic blood pressure (140 versus 138 mmHg, p = 0.019). The groups were similar in distribution in terms of all cardiovascular risk factors at registration apart from the history of hypertension, which was more prevalent in patients without cancer. Other factors that were significantly different between the groups included the history of chronic obstructive pulmonary disease (COPD) and use of renin-angiotensin system (RAS) blockers. On review of initial blood results, the patients in the cancer group had a lower median haemoglobin (121 versus 123 g/l, p = 0.02), and eGFR (28.3 versus 30 mL/min/1.73m 2 , p = 0.018; Table 1 ). Although these differences noted are statistically different, they are probably not clinically significant. After propensity score matching the groups were very closely matched with no difference noted between the groups in any of the registration or biochemical characteristics.
During a median follow up of 48 months, 1084 (36.7%) patients died. The all-cause mortality rate was significantly higher in the cancer group even in the matched groups (49.3% versus 38.3%, p = 0.004). The cause of death data was available only in 474 of the 1084 patients who died (44%). Cancer-related death was significantly higher in the cancer group than the no cancer group (26.3% versus 13.5%, p = 0.005). Deaths due to cardiovascular disease and infections were similar in the groups. In the matched sample, age at death was significantly less in patients with cancer (79 versus 80.5 years, p = 0.03) ( Table 2 ). This survival difference is also illustrated in the KM survival curve (log-rank; p = 0.002) ( Fig. 3 ).
There were a total of 282 NFCVE reported during the follow-up period and the events were similar between the groups in both the overall and propensity-matched analyses. On review of renal outcomes, 30% of patients reached ESRD. The median age of the patients at the time of commencement of haemodialysis was 63 years, peritoneal dialysis was 62 years, and a transplant was 52 years. The RRT uptake was similar in the two groups in the matched sample (17.2% versus 19.3%, p = 0.49), also shown in KM curve (log-rank; p = 0.93; Fig. 3 ). The first RRT modality was predominantly haemodialysis in the cancer group (68.9%). More patients in the no cancer group received a renal transplant compared to the cancer group (42.9% versus 15.5%, p < 0.001), but these differences were not observed once the groups were matched ( Table 2 ). In Cox-proportional hazard models, a cancer history at baseline showed strong association with all-cause mortality in the univariate model (HR: 1.64; 95%CI: showed an independent association with all-cause mortality (HR: 1.41; 95%CI: 1.12-1.78; p = 0.004) ( Table 3) . There was no clear correlation observed between cancer status and reaching end-stage renal disease (HR: 1.01; 95%CI: 0.81-1.25; p = 0.97) ( Table 3) . Also, CKD progression as determined by the rate of decline in eGFR was not different between the groups (cancer patients − 0.96 versus − 1.24 mL/min/1.73m 2 /year) ( Table 4 ). Similar observations were noted in the propensity matched sample with regards to the renal outcomes. In a subanalysis, urological cancers (kidney, bladder and prostate) were not associated with an increased risk of RRT either compared to non-cancer patients or those with cancer from other causes.
Competing risk models developed on the matched sample showed the probability of death was higher in the cancer group at 5, 10 and 15 years. At five years the probability of death was 36% in the cancer group compared to 23% in the no-cancer group, the difference being statistically significant (p = 0.001). There was no difference observed in the cumulative probability for renal replacement therapy or incident cancer between the groups (cancer vs no-cancer) during follow-up (Table 5 ) (Additional file 1: Figure S1 ).
The sub-analysis of 337 patients (matched sample) who had a previous or current cancer history at registration showed that 58 patients were in group A, 119 in group B and 160 in group C. A higher proportion of patients in group A (56.9%) and B (56.3%) died compared to that of group C (41%) (A vs C, p = 0.04). Death from cancer was more likely in group A (35.3% vs 26.7 and 17.2% in groups B and C, respectively) while death from cardiovascular disease was more prevalent in group C (34.5%). RRT uptake was higher in group C (23% vs 12.1% in group A) with a greater proportion of ESRD patients receiving transplants in groups B and C (11.4 and 12% vs 5.3% in group A) ( Table 6 ).
The KM analysis of these subgroups (A, B & C) showed a distinction between the different cancer history and survival outcomes. As expected, patients with concurrent cancer at registration had the worst outcome (log-rank, p-Value = 0.001) (Additional file 1: Figure S2 ). Although the KM graphs appear to be different between the groups for RRT free survival, this did not reach statistical significance (log-rank, p-Value = 0.079; (Additional file 1: Figure S3 ). In a KM chart of outcomes of patients with different cancer sites in the matched sample there was an overlap of the survival pattern of certain cancer sites (breast/haematological) with the non-cancer group, but there was a clear distinction and poor survival noted for other cancer sites (lung, gastrointestinal tract, urogenital, other) (logrank, p = 0.001) (Additional file 1: Figure S4 ).
Discussion
This is one of the largest studies examining cancer and its associations in a Caucasian cohort with advanced CKD. The study describes the pattern of cancer distribution in a nondialysis CKD population and its impact on mortality and renal outcomes. The concurrent or previous cancer history of 13.3% and annual incidence of 1.6% were similar to those observed in other CKD cohorts [33, 34] . Cancer site distribution was comparable to that seen in other CKD groups, with an understandably high prevalence of urological malignancy; the most prevalent and incident (35.7%) cancers [35] . Surgical treatment of kidney and urothelial cancers would have led to the referral to nephrology services in many cases. However, the prevalence of liver cancer was noted to be low in our cohort (0.26%), potentially reflecting a low prevalence of chronic liver disease (2.9%) in the population. In our analysis, patients with non-melanoma skin (NMS) cancers were included in the no cancer group as the cancer was localised in all patients, and all had curative treatment with no recurrence. The 10-year survival rate for NMS cancer with treatment is similar to people without cancer in the general population [36] . Patients in the cancer group were significantly older, an age-related association with cancer also noted in the general population [37] . It is well known that CKD is a pro-inflammatory state and chronic inflammation with ageing has been linked with tumorigenesis [38] . The CKD-EPI equation was used in the calculation of eGFR in our analysis due to the increasing evidence to support the use of this formula in cancer patients [39] . In the cancer group, median haemoglobin was marginally low and alkaline phosphatase was high, both of these observations probably a reflection of a lower eGFR (28.3 vs 30 mL/min; p = 0.01). However, these differences in baseline and biochemical characteristics were not observed once the groups were propensity matched.
In the matched samples, age at death was significantly lower in patients with cancer (79 versus 80.5 years, p = 0.03). The KM estimate verified this difference in survival (log-rank; p = 0.001). All-cause mortality was high in cancer patients, predominantly influenced by more cancerspecific mortality (26.3% versus 13.5%, p = 0.005). The presence of CKD as comorbidity has been shown to be a risk factor for mortality in cancer patients [40] . Despite this, the cardiovascular disease (CVD) and infectionrelated mortality burden were similar in the two groups. It was also interesting to note that even in the cancer group the CVD related mortality was equivalent to the cancerrelated mortality (26.3%) and there was no significant difference in the number of NFCVE reported between the groups.
Both univariate and multivariate Cox-regression models have consistently shown the presence of cancer as a strong independent risk factor for all-cause mortality. In the model-3 of the multivariate Cox-regression analysis which was adjusted for baseline variables including all cardiovascular risk factors, cancer showed a HR: 1.49 (CI: 1.26-1.76; p < 0.001) ( Table 3 ). In the Japanese CKD cohort study of Tanaka et al. cancer was associated with cancerassociated but not all-cause mortality. However, our observations involved a considerably larger sample size than the Japanese study (2952 versus 515) [34] .
The proportion of patients reaching ESRD were similar in the two groups. In the unmatched analysis, proportionately more cancer patients started haemodialysis with fewer transplants, but once propensity matching was undertaken these differences disappeared. There was no clear correlation between cancer status and reaching end-stage renal disease in the univariate model hence further multivariate models were not generated. Also, in linear regression analysis, the presence of cancer was not associated with accelerated rate of progression of CKD. The overall rate of decline in eGFR in our cohort was similar to that seen in other European cohorts [41] . The competing risk models inferred similar results; higher probability of death in the cancer group, with no difference in RRT uptake or incident cancer between the groups. To our knowledge this is the first study in the literature evaluating the association of baseline cancer status with renal outcome and progression in a nondialysis dependent European CKD cohort. It was evident from the subgroup analysis that survival outcome in patients with previous cancer was improved with a greater period of cancer in remission, inferring that these patients can be carefully considered for all RRT options including transplantation.
Our study does have some limitations not least the observational nature of the methodology. The missing cause of death data restricted our strength of conclusions in the matched sample due to small numbers. We were not able to account for cancer treatment status or stage at the time of recruitment into the cohort, a deficit which could introduce bias into the interpretation of the findings. As our study only included patients who volunteered to participate in the cohort the generalisation of the age-adjusted cancer incident rates to the general CKD population is necessarily limited. Despite these, the study's strengths included a robust database with a large sample size, propensity matching and accurate follow-up data.
Conclusions
Our study has shown that cancer is a strong and independent risk factor for all-cause mortality in advanced CKD. Cardiovascular disease is still a leading cause of death in CKD patients, even in patients with cancer. Baseline cancer status did not accelerate the rate of progression of CKD. Our study findings imply that CKD patients with cancer have to be assessed on a case by case basis in planning for renal replacement therapy options. With advancing cancer management options, the presence of cancer should not be a limitation for RRT provision, including transplantation in selected cases. 
